Introduction
Concentrating solar power (CSP) systems may use thermal energy storage (TES) to provide dispatchability [1, 2, 3] at a cost much lower than that of the electrical storage options currently available to make wind and PV power dispatchable. However opportunities exist to improve TES implementations in terms of transport energy and heat exchanger exergy losses. To effect these improvements, a hot-tank volumetric receiver scheme that requires a window to suppress convection losses was proposed [4] . To eliminate the window, MIT has proposed CSPonD, a single-tank molten salt TES which also serves as a low-cost volumetric receiver [5, 6] . To improve upon the natural thermocline effect, an insulated divider plate is positioned within the tank to promote thermal stratification between hot and cold salt volumes [7] . In contrast to conventional solar tower systems, the CSPonD receiver must be built on the ground necessitating a hillside heliostat field and hybrid cavity receiver design [8] or a beam-down optical system [9] . One such system, the Masdar Beam Down Optical Experiment (BDOE) is a 100 kWth on-sun demonstration plant that was initially (2009-2011) operated to prove and gain experience with novel beam-down optical elements [10, 11] . In this paper we describe the design of a 100 kWth CSPonD system using the BDOE with modified optics as a source of concentrated radiation to test a 400 kWh directly irradiated molten salt TES operating between 250 ºC and 550 ºC [12] .
Optical analysis and design

Heliostat field and central reflector description
The BDOE heliostat field comprises 33 ganged-type heliostats each of 8.505 m 2 reflector area representing a total aperture area of 280.7 m 2 . Heliostats are arranged in three circles around the tower with an outer circle radius of 18 m.
Each heliostat comprises 42 individual mirror facets arranged in three banks presented in Fig. 1(a) . The elevation and azimuth angles are calculated to reflect the incident Direct Normal Irradiation (DNI) to a focal point above the top of the tower (Fig. 2) . A sun sensor aimed at the central facet of each heliostat provides reflected ray feedback for positioning each heliostat such that the sun's image as viewed from z = 20.3m is always centred in the control mirror.
A central reflector (CR), mounted at 16 m on the central tower, provides a second optical stage consisting of three multi-faceted rings, as shown in Fig. 1(b) . The rings of the CR correspond to the heliostats rings on the ground such that each secondary mirror facet is used for a specific heliostat. The overall arrangement is shown in Fig. 1(c) . The CR facets, which are manually adjustable but stationary in operation, were initially canted so as to reflect radiation to a solar receiver located 2m above the ground directly below the CR as shown in 
Modification to CR and addition of 3 rd optical stage
The overall efficiency of a CSP plant involves trade-offs between optical (all reflector stages), thermal (receiver) and thermodynamic (power block) efficiencies. Higher thermal and thermodynamic efficiencies are achieved by higher concentrations at the expense of optical efficiency. With the existing heliostat and CR geometry, a flux of about 150 suns is realized with solar zenith angles less than about 40°. The ~25° half-angle of CR edge rays ( The CR mirrors in Figure 3 are canted more toward the z-axis than in Fig. 2 to produce maximum concentration at a FOE inlet aperture raised from 2m to 6m. Elevation of the inlet aperture is a key parameter for certain FOE geometries such as the compound parabolic concentrator (CPC) of revolution [14, 15] . For a CPC FOE, the optimal CR cantings result in all 33 CR facet central reflected rays intersecting the z-axis at the inlet aperture plane. CR canting also affects the angular, as well as spatial, distribution of incident rays on the inlet aperture. We consider both surface-of-revolution FOE's and their faceted counterparts as shown in Fig. 3c .
Optical simulation results for BDOE with different CR canting angles
The BDOE is modelled in two steps. The heliostat (HS) field and CR are simulated first to produce a ray vector file at an intermediate plane above the highest reasonable inlet aperture plane as shown at 10 m in Fig. 2 . An intermediateplane ray vector file can be produced for any given sun position and CR canting. We define optical efficiency of the HS-CR subsystem as 
Optical simulation results for different FOE geometries
Final optical element efficiency is usually given as outlet power divided by inlet power. However, in the case of a molten salt volume receiver, angular distribution of outlet flux has a significant impact on receiver "window" reflection loss. It may also be important to consider uniformity of flux (areal distribution) over the outlet aperture. Results for the 21 st of June at noon (DNI = 796 W/m 2 ) and at 10 am (DNI = 724 W/m 2 ), Figures 4 and 5, show that flux distributions typically have good radial symmetry ( z = 1°) at noon but are slightly skewed ( z = 27°) at 10 am. The results of heliostat-CR ray-tracing simulations for zenith angles from 5 to 85 may be used to produce subsystem efficiency curves like those shown in Fig. 6 . Similarly, the FOE ray-tracing results may be summarized in terms of total flux as summarized in Table 1 . Parameterizations such as these are needed to conduct hour-by-hour simulations and to determine system-level optimal control points with reasonable computational effort. 
TES tank design
Description of the TES system
The TES system linked to the CPC is designed to store 400 kWh and allow a constant nominal power of 25 kW over 24 hours per day. During the day (charging period of 8 hours) the storage system is designed to generate 25 kW and store the energy necessary to keep the system at full load operation during night (discharging period of 16 hours).
The system consists of a SS316 cylindrical tank containing 2990 kg of Solar Salt (60 wt.% NaNO3 + 40 wt.% KNO3) as storage material [16] . The salt is heated up from 250 ºC to 550 ºC by the solar incident power coming from the final optical element (CPC or cone) of BDOE. Figure 6 shows a scheme of the different parts of the system.
Dimensions of the TES tank ( Figure 6 .c) were defined according to criterion of thermocline tank design which recommends an aspect ratio (Height/Diameter) around 1.5. In this case, since the thermocline effect will be enhanced by the addition of an insulated divider plate inside the tank, this ratio was set to 1.55 (tank diameter of 1.25 m and height of 1.94 m). The tank is surrounded by a safety tank to recover the possible salt leakage (Fig. 6f ).
The tank cover (Fig. 6b ) has a 0.9 m diameter aperture to allow the entrance of the solar incident power. In order to avoid optical losses [16] and window damage due to dirt an open top container concept was implemented. The effect of sand intrusion in the tank is under study in the framework of the project.
Wall thickness of 2.5 mm was defined as compromise between the corrosion rate on the wall estimated from Goods et al. [17] and the energy leakage due to the thermal shortcut through the wall shell between the hot and cold salt volumes. The parametric study performed for 0.1, 0.25 and 0.5 inch (2.5, 6.4 and 12.7 mm) thickness is shown in Fig. 7 . (
To reduce thermal bridging between hot and cold volumes of the tank the plate is composed of two metallic plates separated by two layers of insulating material: 8 cm of Foamglass® cellular glass and 11.5 cm of insulating fire bricks. The net axial heat transfer rate for this configuration is about 0.38 kW, which represent 1.5 % of the nominal power.
In order to reduce the thermal losses the tank is insulated on the walls with two layers of commercial insulation consisting of 25 cm of Pyrogel® XT-E and 40 cm of ceramic fiber (Isover Spintex 342G). The base of the tank is insulated with a layer of 40 cm of Foamglass®. Neglecting tank exterior radiative losses the average thermal losses through the wall and bottom are 33.2 kWh per day.
(a) (b) Fig. 7 . Energy leakage from hot to cold volume during 24 hours as function of cold salt temperature; a) Energy leakage vs thickness; b) scheme.
Operation mode description
At sunrise the tank is completely discharged, mean salt temperature is 250 ºC, and the divider plate is at its top of tank position. During the charging period salts are heated to 550 ºC while the divider plate moves down with a velocity proportional to net energy accumulation within the tank, up to a maximum of 0.3 mm/s. This displacement allows the increasing of the upper volume occupied by the hot salts and the decreasing of the lower volume. Cold salts moves to the upper volume through the gap between the divider plate and the tank wall. After 8 hours the tank is completely charged and at sunset the aperture of the tank is closed with an insulated cover to avoid convective and radiative losses. Then the off-sun discharging process starts, moving the plate from bottom to top and allowing cold salts returning from the power block HX to enter through the lower penetration of the tank. During both charging and discharging processes a salt design flow rate of 0.01 m 3 /s is constantly sent to the power block heat exchanger through the upper penetration of the tank.
Conclusion and perspectives
Optical simulations revealed that a conical design for the FOE is the best choice in terms of flux distribution uniformity and more nearly axial angular distribution of rays entering the molten salt tank. These characteristics reduce the potential for changes in salt chemistry due to hot spots and reduce the reflected flux at the molten salt surface. However for a given FOE efficiency, the cone may require a larger outlet radius, hence a larger tank aperture. The thermal performance of the tank is highly dependent on the salt emissivity at 550 °C, which is not available in the literature. Ongoing experiments will provide this data and enable a better design of the FOE/tank system.
Further optical modelling is planned to test other FOE wall profiles, such as a design beyond the cone (reverse curve compared to CPC). Simultaneously an experiment with the system preliminary design will be performed at the BDOE. Reflective diffuse plates associated with a charge-coupled device (CCD) camera, calibrated with heat flux sensors, will provide the measured flux distribution at the inlet and the outlet of the FOE. These results will be compared with the simulated ones in order to validate the optical model. Moreover the salt thermal behavior in the tank volume will be examined by setting up temperature probes in many locations.
